The study of the determinants of species ranges along elevational gradients may shed light on the main ecological factors that constrain the species distribution and fundamental niche. In this study, we analyzed the abiotic and habitat predictors of the distribution of an alpine passerine, the Water Pipit (Anthus spinoletta), in its range in the Cantabrian Mountains, north-western Spain. We studied the influence of the climate, the habitat at different spatial scales and topography on the species' local density in mountain landscapes across a wide elevational gradient. We found that variables associated with spring and annual temperature values were the main determinants of Water Pipit density especially at the lower limit of the species' distribution (700-1200 m a.s.l.), where the species avoided areas that were altogether warmer.
INTRODUCTION
While the distributional patterns of organisms along latitudinal gradients have largely attracted the interest of ecologists, less studied are the altitudinal patterns of species distribution (Chamberlain et al. 2012 , but see Rahbek 1997 , Pounds et al. 1999 , Nogués-Bravo et al. 2008 , Popy et al. 2010 . Certain abiotic and biotic patterns observed across latitudes may also occur across elevations (Stevens 1992) , such as the northward and upward decrease in temperature, habitat and species diversity, and biotic interaction intensity (reviewed in Lomolino 2001).
Climate has been identified as the main natural constraint to species expansion through range boundaries in both latitudinal and elevational gradients (Hughes 2000 , Gaston 2003 , McCarty 2001 , Walther 2002 , Araújo & Pearson 2005 , Orme et al. 2006 , Normand et al. 2009 ). In mountain systems, however, climatic conditions vary more sharply over distances than across latitudes, and ranges are more prone to be modulated by fine scale topographical features (orientation, slope, relief, etc.) , which shape species distribution at a very local scale (Benistom 2003) . On mountain tops, cold and extreme weather events might constrain the ranges of species via direct physiological constraints or limiting resources (Körner & Larcher 1988 , Parmesan 2000 , Beniston 2003 , Martin & Wiebe 2004 , Wingfield 2011 , while milder climate at the lower fringes, with higher summer temperatures and lack of water, could have adverse physiological effects on cold-adapted species (e.g. Jump et al. 2006 , Merrill et al. 2008 , Wingfield 2011 . At lower elevations, the human fingerprint is also more marked, and has produced large habitat and landscape changes, with important consequences on species ranges (Lomolino 2001).
Since mountains are among the terrestrial systems that have faced the greatest shifts in climatic conditions because of human activities (Schröter et al. 2005 , Jump et al. 2006 , Brunetti et al. 2009 ), the study of the distribution and density of alpine species along the elevational gradient and their dependence upon climate is of striking importance to predicting the vulnerability of mountain biodiversity (Körner 1999 , Shoo et al. 2006 . In this study we focus on the habitat and abiotic (climate and topography) determinants of the density of an alpine species, the Water Pipit (Anthus spinoletta), along a broad elevational gradient (2000 m) embracing both Atlantic and Mediterranean climatic biozones in north-western Spain. As environmental determinants of the Water Pipit density we considered a set of climate and habitat variables at different spatial scales, including a local scale that approximates the species' territory and nearby areas (Bollmann et al. 1997 ) and a wider landscape scale embracing the territories of a local population. Our main prediction is that local climate significantly constrains the lower limit of alpine species distributions, and that local habitat features exert a stronger effect than landscape variables on the abundance of species with limited home ranges (Bollmann et al. 1997 , Illera & Díaz 2006 , García-del-Rey & Cresswell 2007 , Maggini et al. 2011 ).
METHODS

Study area and species
The study was carried out in the Cantabrian Mountains, northern Spain. This mountain chain is about 300 km long and 50 km wide, it has a west-east orientation and includes several peaks above 2500 m a.s.l. These mountains represent the south-western limit of the alpine ecosystem in the Eurosiberian bioclimatic zone, and separate Atlantic from Mediterranean biota (RivasMartínez 1983). Our study area was located in the highest portions of the Cantabrian Mountains, in four massifs of the Picos de Europa National Park (Coriscao, and Western, Central and Eastern Massifs; 43˚07'-43˚16'N, 5˚01'-4˚39'W, highest peak at 2648 m a.s.l.), which cover 16.925 ha. This area is characterized by a steep elevational gradient, with a vertical rise of 2400 m in very short linear distances (Fig. 1) . The local climate is wet because of the influence of the Atlantic climate, particularly on the north-western slopes. Precipitation values range from 1000 to 1800 mm per year, and mean temperature from 4˚C to 11˚C per month.
Clearance of forested areas has been intensive in historical times and lowered the treeline to 1000-1600 m a.s.l. Grazing by domestic livestock is widespread, pastoral abandonment is less marked than in other mountains in Europe, and large extensions of pseudo-alpine open habitat occurs below the tree line (Jiménez et al. 2011 , Blanco-Fontao et al. 2011 ).
The Water Pipit (Anthus spinoletta) is a short-distance insectivorous migrant and obligate ground-nesting alpine passerine. In Europe the species is highly dependent on alpine grasslands, occurring in open habitats above the treeline, preferring moist or wet meadows with pools, watercourses and snowfields (Tucker 1994 , Bollmann et al. 1997 , Cramp and Perrins 2004 . In the Cantabrian Mountains the species' distribution and habitat are not well known, but its breeding has been reported at very low elevations (<1000 m a.s.l.) as compared to other European massifs (COA 2006 (COA -2007 .
Field survey
We surveyed open habitats, which included pastures, alpine grasslands, shrublands and rocky areas. Since the species' distribution has not been described before, we surveyed the elevational range of 450 m (where large extensions of open pastures appear) to 2400 m a.s.l (where only rocky habitats cover the landscape). We established bird density using plot surveys (area count, Bibby et al. 2000) , a method that is particularly useful for surveying birds in open terrains and abrupt landscapes (Laiolo et al. 2004; Caprio et al. 2011) . We recorded all visual or aural detections (excluding fledglings) in 195 plots of 100 m radius (i.e. 3.14 ha) around the observer.
Each plot was surveyed in a 10-minute period; for the first 5 minutes we performed a normal point-count (staying still), while the second five minutes of the survey was spent walking within the sampling plot to flush possible hidden individuals in shrubs or among the rocks. Plots were located in open areas with good visibility of the surroundings (over the 100 m radius of the plot). Each field day we walked a route in which we stopped five times (every 400 m, to avoid counting the same birds at multiple plots and to ensure independence of territories) to survey birds in plots of 100 m radius. The location of plots along daily depended on the ability to continue walking in the steep and rocky terrains of the area. Although we recognize that a random plot selection would be in theory ideal, in abrupt mountain areas this is not logistically feasible and plots are most often located following small trekking paths (see Laiolo et al. 2004; Fraterrigo & Wiens 2005; Caprio et al. 2011) . just after sunrise and continuing for the following 5-6 hr. Plots were visited twice during the breeding season (early-middle breeding season, before the nestling phase), starting at lower altitudes to take into account the differences in bird breeding phenology. The lag between the two visits was on average 23 ± 1.7(SE) days (always within the same year). Water Pipit density was estimated as the maximum number of adults detected in each plot in the two surveys.
Determinants of Water Pipit density
Local habitat. Immediately after bird surveys, we estimated in situ the proportion of the main habitat types within plots (3.14 ha), to characterise the closest habitat to the territory (Bollmann et al. 1997) . We visually established the percentage cover of grassland, shrub, trees and rock, and then obtained an index of habitat diversity (Shannon diversity index estimated from the percent cover of the different habitat types) ( Table 1) . National Institute stations and topographical variables such as slope inclination, orientation and elevation. We considered the minimum, mean and maximum temperatures and accumulated precipitation of April, May, June, July and August (corresponding to the reproductive period of the study species), the annual accumulated precipitation and annual mean, maximum and minimum temperatures. We also included the coefficients of variation of monthly parameters by dividing the standard deviation of climatic parameters in the five months by their average value.
Local topographical variables.
Vegetation types at the landscape scale. We first considered as the "landscape scale" an area of 70 ha including the 5 plots surveyed in the same day along the same route, since they potentially hosted individuals from the same water pipit local populations (3 km was the maximum adult dispersal observed in the study area; n= 866 ringed individuals between 2009 and 2012, authors unpublished data). We selected 70 cells in a 100 x 100 m grid, using GIS software (ArcGIS 9.1) to create 39 landscape areas including five plots each (39 × 5 plots = 195 plots; Fig. 1 ). Since the shape of the area characterised by the above landscape areas changes according to the spatial distribution of plots, we characterized habitat variables also within 500 m-radius areas (78.5 ha) around each plots, to avoid landscape scale characteristics having a variable relationship with plots owing to their relative position along the route.
As habitat descriptors at the landscape scale we took into account the cover of the different vegetation types as estimated from the digital vegetation layers of the local Regional Governments (Asturias, Cantabria and Castilla-León) and the National Geographic Institute extracted from 1:25.000 National map series. Vegetation types were grouped into 10 categories that could be ecologically relevant for the species on the basis of previous knowledge of its habitat selection patterns (Table 1) 
Data analysis
In contrast to habitat and topographical variables, which showed a weaker relationship between each other (habitat variables: r<0.54; landscape variables: r<0.36) and were entered in models as raw values, climate variables were highly and significantly correlated (temperature variables: 0.88<r<0.99, all P<0.01; precipitation variables: 0.27<r<0.94, all P<0.01; see Appendix S1 in Supporting Information). This redundancy was reduced by performing a Principal Component Analysis (PCA) to obtain independent climatic factors for models. Two single components were extracted, which explained over 92.7 % of the variance of the data set. The first component Models were built with a stepwise selection method based on a "backward/forward" selection and the Akaike information criterion AIC, in order to find the most probable models (accounting for the lowest AIC). This selection method starts with the full model and eliminates predictors one at a time, at each step considering whether the AIC will be improved by adding back in a variable removed at a previous step. Models resulting from the stepwise selection procedure that were separated by less than 2 AIC points from the model with the lowest AIC were considered as having substantial support in the data, and were therefore equally discussed All the analyses were performed with the software R version 2.15 (R Core Team 2012); the package glmm4 was used to carry out the GAMMs.
RESULTS
Variation in Water Pipit density along the elevational gradient
We recorded the occurrence of the Water Pipit in 107 plots, corresponding to 54.9% of the plots surveyed. The average density in occupied plots was 1.67 individuals/plot (0.53 individuals/ha).
The highest elevation at which we found a Water Pipit territory was 2240 m a.s.l.; the lowest altitude was 750 m. The species was found only in 18.5% of the plots located below 1000 m.
The number of plots occupied at the lower fringes of the species' distribution (low elevations: 750-1200 m a.s.l.) was 48.9%, 68.2% at intermediate altitudes (medium elevations: 1200-1600 m), and 66.6% at the upper boundaries (high elevations: 1600-2300 m). Differences were significant between low and medium elevations (χ² 1 =4.50, P=0.034) and between low and high elevations (χ² 1 =4.32, P=0.037), but not between medium and high elevations (χ² 1 =2.83,
P=0.092).
A non-linear relation between Water Pipit density and elevation resulted (GAMM: s(elevation): edf=3. 16, F=8.19, P<0.001) . Density peaked at medium elevations (1200-1600 m:
1.55 ± 0.22 SE individuals per plot) and declined in lower (750-1200 m: 0.74 ± 0.13 SE) and higher elevations (1600-2300 m: 0.93 ± 0.09 SE) (one-way ANOVA, F 2, 168 =17.37, P<0.001) (Fig. 2) .
Climate and habitat determinants at two spatial scales
The best models explaining the Water Pipit density mainly included local habitat and climate features (the "temperature factor" of PCA: PC1), either when considering landscape variables estimated in 70 ha areas around five survey plots (Table 2 ) or considering 500 m-radius areas around each survey plot (Appendix S4). The relationship between density and the "temperature factor" was negative in all models: the lowest densities occurred where PC1 was highest (e.g. mild temperature) and the highest densities where PC1 lowered to intermediate-cold temperatures (Fig. 3) .
Density was also affected by pasture cover (in the two best probable models of the set of three) and habitat diversity (all best models), both variables being significantly and positively associated with Water Pipit density (Table 2 ; Appendix S4). Conversely, tree cover (all models), slope inclination, shrub and rock cover (two models each) were negatively associated with density (Table 2 ; Appendix S4). None of the habitat variables at the landscape scale was included in any best model of species density (Table 2 ; Appendix S4).
To better disentangle the role of temperature and habitat in determining Water Pipit abundance at the species elevational boundaries, we tested for the importance of climatic and habitat factors at the three elevational bands where the species occurs (750-1200 m, low elevations; 1200-1800 m, intermediate elevations; 1800-2200 m, high elevations) by performing three sets of GAMMs. At low elevations the temperature factor negatively affected species density, while grassland cover and habitat diversity had a positive effect when considering the landscape scale around 5 study plots (Table 3 ). In models entering landscape variables in 500 m-radius areas the temperature factor had no more effect (Appendix S5), and some habitat predictors at this scale affected Water Pipit density (negative effect of woodland cover and positive effect of medium-tall legume shrubland cover Appendix S5). At intermediate elevations, the precipitation factor positively affected Water Pipit density, while tree cover had a negative effect (Table 3) . Landscape variables had a mayor effect when considering the 500 mradius areas, with a positive effect of woodland cover and medium-tall legume shrublands cover (Appendix S5). At high elevations, density was only associated with habitat characteristics and the effect of temperature and precipitation was no longer significant; here, rock cover was negatively correlated with species density, while habitat diversity positively affected it at both landscape levels here considered (Table 3 ; Appendix S5).
DISCUSSION
The local variation of Water Pipit density was not linear along the elevational gradient. We found an initial increase of species density when passing from the lower to the intermediate limits of the species distribution, and a stabilization or moderate decline from medium elevations to mountaintops. Thus, at the lowest elevations the species becomes less abundant, but the same trend was not observed at the highest extreme of the distribution, where the species still occur in good numbers (Fig. 2) . As observed in a variety of montane and alpine vertebrates, different factors appear to constrain the lowest and highest elevational limits of the species distribution (Galbreath et al. 2009 , Jankowski et al. 2010 , Gifford & Kozak 2012 . In the case of the Water Pipit, density was mostly constrained by temperature and landscape variables (depending of the shape of the landscape area) at low elevations, and by local habitat features at high elevations.
The importance of climate variables
Temperature was the most important predictor of species density, and the negative effect of this Alternatively, prey available for the Water Pipit may increase with elevation. For instance, the presence of snow patches in spring at high elevations offer the study species (as well as several other alpine passerines, such as Montifringilla nivalis, Prunella collaris and Pyrrhocorax graculus) a source of insects trapped in snow that may be important for feeding young (Antor 1995 , Rolando & Laiolo 1997 , Laiolo & Rolando 1999 . The weak decline of Water Pipit density in the highlands was not apparently due the negative effect of the coldest temperatures (Fig. 3 ), but to habitat characteristics (Table 3) , as detailed below.
The importance of the habitat
The best candidate models explaining Water Pipit density suggested that the environment 
The importance of topography and the habitat at the landscape scale
Apart from the effect of elevation, which was discussed above, slope also affects Water Pipit density, being this species more abundant in the flattest plots, and avoiding the steepest areas at high elevations. Steep slopes in the alpine or nival belts accumulate scarce organic matter owing to soils being younger and unstable, a fact that conditions their overall productivity (Huber et al. 2007 ) and may, in turn, prevent the Water Pipit to settle. Precipitation can increase the productivity of these high elevation soils (Gottfried et al. 1998) , thus also (partially) explaining the Water Pipit selection for the wettest plots in certain conditions (Table 3 ).
The effects of the habitat at the landscape scales are puzzling, depending on the shape of the landscape area considered, and varying according to the range of elevations considered. The former finding highlights the difficulties in identifying the proper scale and range of distances from the survey plots to define the environment at the landscape scale (Mitchell et al. 2001) . It also suggests that the Water Pipit density in a plot may be more likely constrained by the closest habitats around territories rather than by the environment of the local populations, as possibly occurring in species using direct rather than indirect (social) cues of environmental quality when establishing territories (Laiolo & Tella 2006) . Notably, the landscape scale was more important in the lowlands, where the highest diversity of environments is found (Jimenez et al. 2013 )
CONCLUSIONS
This study suggests that the distribution and density patterns of the Water Pipit in its southern range boundaries is highly conditioned by climatic factors, mainly by the PCA factor related with temperatures at the lower limits of the species distribution and by the PCA factor related with precipitation at intermediate elevations. Habitat availability and composition at the local scale play a major role at the upper boundary of the species distribution, whereas the landscape exerts a less straightforward effect.
Since the Cantabrian Mountains (together with the Pyrenees) represent the southern limit of the alpine ecosystem in the Euro-Siberian region (Rivas-Martínez 1983) , its alpine belt is expected to suffer the greatest changes in climatic conditions and biotic functions in the next few decades (Thuiller et al. 2005 , Huntley et al. 2007 ). An increase in temperature could cause an upward range shift in many species (Wilson et al. 2007 , Lenoir et al. 2008 , Maggini et al. 2011 , Pauli et al. 2012 ), but local habitat features could constrain upward expansions, resulting in range contractions accompanying range shifts, and the increase of small and fragmented island populations in mountains (Körner 1999 , Freppaz et al. 2010 ). Although at a global scale the largest range shifts are expected to occur in the colder distribution margins at high latitudes 
ACKNOWLEDGMENT
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